Monosaccharides available in the extracellular milieu of Agrobacterium tumefaciens can be transported into the cytoplasm, or via the periplasmic sugar binding protein, ChvE, play a critical role in controlling virulence gene expression. The ChvE-MmsAB ABC transporter is involved in the utilization of a wide range of monosaccharide substrates but redundant transporters are likely given the ability of a chvE-mmsAB deletion strain to grow, albeit more slowly, in the presence of particular monosaccharides. In this study, a putative ABC transporter encoded by the gxySBA operon is identified and shown to be involved in the utilization of glucose, xylose, fucose, and arabinose, which are also substrates for the ChvE-MmsAB ABC transporter. Significantly, GxySBA is also shown to be the first characterized glucosamine ABC transporter. The divergently transcribed gene gxyR encodes a repressor of the gxySBA operon, the function of which can be relieved by a subset of the transported sugars, including glucose, xylose, and glucosamine, and this substrate-induced expression can be repressed by glycerol. Furthermore, deletion of the transporter can increase the sensitivity of the virulence gene expression system to certain sugars that regulate it. Collectively, the results reveal a remarkably diverse set of substrates for the GxySBA transporter and its contribution to the repression of sugar sensitivity by the virulence-controlling system, thereby facilitating the capacity of the bacterium to distinguish between the soil and plant environments.
A grobacterium tumefaciens is a Gram-negative soil bacterium that, upon infection of a wound site, is capable of initiating the development of crown gall tumors in dicotyledonous plants by transferring transfer DNA (T-DNA) from the tumor-inducing (Ti) plasmid into host cells (1) . Expression of the Ti plasmid virulence genes is activated by a two-component system, VirA/VirG, in response to plant-derived signals, including phenolics, monosaccharides, and acidic pH (2) . The monosaccharide signals bind a periplasmic sugar binding protein, ChvE, and the proposed interaction between sugar-bound ChvE and the periplasmic domain of VirA results in increased sensitivity for the phenolic signals recognized by a cytoplasmic domain within VirA (3) (4) (5) (6) (7) .
When free living as a saprophytic bacterium, A. tumefaciens has to compete for a variety of nutrient sources. Accordingly, it has evolved a significant number of high-affinity transporters for the acquisition of nutrients. Of these, there are a large number of ATP-binding cassette (ABC) transporters, one of the largest classes of transporters which exist universally from bacteria to humans (8, 9) . Sequence comparisons indicate that 57 ABC transporters are found in Escherichia coli (10) , whereas A. tumefaciens strain C58 has 153 ABC transporters plus additional "orphan" subunits in a genome size slightly larger than that of E. coli (11) . Despite the proposed importance of ABC transporters for nutrient transport by Agrobacterium, few of these have yet been characterized.
One exception to this is the ChvE-MmsAB ABC transporter (4, 12) which has been shown to be important in the utilization of a wide variety of monosaccharides, including arabinose, fucose, galactose, glucose, and xylose. Earlier studies also demonstrated that deletion of the MmsA or MmsB transporter component resulted in strains that were significantly more sensitive to several vir-inducing sugars that interact with ChvE (7) . These data are consistent with the hypotheses that the regulatory system has evolved to respond to the relatively high sugar concentrations found in the plant compared to those found in the soil. They also suggest that this is accomplished by the activity of the transporter which keeps the concentration of the sugar in the periplasm sufficiently low that it cannot function in the vir induction. However, strains carrying deletions in this system remain capable of growing in the presence of the sugars, albeit at a lower rate (12) , suggesting that there is at least one other transport system for these sugars. Moreover, preliminary studies indicated that deletion of mmsB resulted in only a modest reduction in sensitivity to glucose (or xylose) in terms of vir gene induction. Therefore, examination of other sugar transporters that could be involved in controlling these phenotypes was undertaken. In Agrobacterium radiobacter, two highaffinity glucose binding proteins (GBP1 and GBP2) have been purified, and the binding specificity was determined (13) . GBP1 is homologous to ChvE and was shown to bind glucose and galactose with high affinity, while GBP2 bound glucose and xylose with high affinity.
In this article, we used bioinformatics to identify the gene encoding a protein homologous to GBP2 in A. tumefaciens. Sequence analysis and genetic characterization revealed that this gene is located in an operon that also includes two downstream genes encoding a putative ABC transporter. Growth assays demonstrate that this operon is involved in utilization of multiple monosaccharides, including glucose, xylose, fucose, arabinose, and glucosamine, and the genes have been named gxySBA (glucose and xylose transporter SBA). An adjacent, divergently tran-scribed gene, gxyR, encodes a repressor of the gxySBA operon, the deletion of which leads to overexpression of GxySBA. Intriguingly, we find that glycerol suppresses substrate-induced expression of gxySBA. Furthermore, we show that the abundance of this ABC transporter affects the sensitivity of Agrobacterium to glucose-mediated induction of vir gene expression. This is consistent with the hypothesis (7) that control of sugar concentration in the periplasmic space contributes to a system that can distinguish between plant tissues with high concentrations of inducing sugars and the soil environment that would have significantly lower levels of free sugars.
MATERIALS AND METHODS
Bacteria, media, and growth conditions. Escherichia coli strains were grown in Luria-Bertani (LB) medium (14) with appropriate antibiotics at 37°C. Agrobacterium tumefaciens strains (Table 1) were routinely maintained on LB medium at 25°C, except where noted. The defined AB minimal medium (15) was used for growth assays. For vir gene induction, AB induction medium (ABI) (16) , was used except 7.8 g/liter MES (morpholineethanesulfonic acid) (pH 5.5) was used, acetosyringone (AS) was included at 10 M, and thiamine and Casamino Acids were omitted. Antibiotics were used at the following concentrations. For A. tumefaciens, carbenicillin was used at 30 or 100 g/ml, spectinomycin at 25 or 50 g/ml, and kanamycin at 10 or 50 g/ml (in liquid or solid medium, respectively). For E. coli, carbenicillin was used at 100 g/ml and kanamycin at 50 g/ml in liquid or solid medium.
Genetic modification of bacterial strains and construction of plasmids. We used marker-exchange eviction mutagenesis (17) as described earlier (12) to create strains carrying nonpolar deletions of gxySBA in the chromosome of strain A348 (18) or in the chromosome of AB520 (an mmsB deletion strain derived from A348) (12) . Primer Datu35746.P2 (see Table S1 in the supplemental material) was used with Datu35746.P1 to amplify a 600-bp fragment containing the downstream gxySBA flanking sequence. PCR to amplify the upstream gxySBA flanking sequence used primers Datu35746.P3 and Datu35746.P4 to create a 593-bp product. The 5= ends of primers Datu35746.P2 and Datu35746.P3 had been designed to include complementary sequence so that the products from the first two PCRs could function as self-annealing templates in a third PCR with primers Datu35746.P1 and Datu35746.P4 to generate a 1.2-kb fragment carrying gxySBA flanking sequences. This 1.2-kb PCR fragment was digested with HindIII and EcoRI and cloned into pK18mobsacB (17) . The resulting construct was electroporated into strain A348 or AB520. The deletion of the gxySBA genes in these strains was obtained and confirmed using the methods described in reference 12. The primers used for confirmation are outside the amplified gxySBA flanking sequences: Con35746.P1 (downstream) and Con35746.P2 (upstream). The gxySBA deletion strain and mmsB gxySBA double deletion strain were named AB650 and AB662, respectively.
The same methods and confirmation strategies were used to make A348 derivative strains with in-frame deletions of gxyS, gxyA, and gxyR individually and AB655 (see below) derivative strains with deletions of gxyR and gxyA individually (Table 1) , using primers in Table S1 in the supplemental material. All strains were confirmed by PCR. To monitor the expression of GxyS, an RGS-6ϫHis tag was fused to the C terminus of gxyS, and this fusion was used to replace gxyS at its location in the chromosome. Two primer pairs, 3576RGS.P1/ 3576RGS.P2 and 3576RGS.P3/3576RGS.P4, were used to do two initial PCRs. Subsequently, the first two PCR products were used as templates to amplify a fragment carrying the RGS-6ϫHis-tagged gxyS gene along with additional upstream and downstream sequences. This third PCR used primers 3576RGS.P1 and 3576RGS.P4, and the resultant 2.2-kb fragment was digested with BamHI and SalI and cloned into pK18mobsacB. The plasmid was introduced into gxyS deletion strain AB652. The resulting strain, containing C-terminal RGS-6ϫHis-tagged GxyS, was named AB655 (Table 1) . Strain AB685 carrying a deletion of mmsB as well as the RGS-6ϫHis-tagged gxyS was derived from AB655 using the methods described in reference 12.
For complementation of the gxySBA deletion, primers 35746com.P1 and 35746com.P2 were used to amplify a fragment containing the entire gxySBA region, including a 221-bp sequence upstream of the gxyS start codon, which contains the promoter of gxySBA. This PCR product was digested with SalI and XbaI and cloned into pBBR1MCS-4 (19), yielding pJZ35.
For complementation of the gxyA deletion, primers 35746com.P1 and 3574com.P11 were used to amplify the promoter region of gxySBA. Primers 35746com.P2 and 3574com.P22 were used to amplify gxyA together with a 60-bp upstream region containing its ribosome binding site (RBS). The two PCR products were mixed and used as the template to conduct a third PCR with primers 35746com.P1 and 35746com.P2. The 1.1-kb PCR fragment was digested with SalI and XbaI and cloned into pBBR1MCS-4 to make the plasmid pJZ36 (Table 1) , which has gxyA driven by the gxySBA promoter.
To monitor the expression of gxyA, we added a RGS-6ϫHis tag to the C terminus of gxyA. Primer com3574RGSHIS.P2, which has an added sequence encoding RGS plus 6 His amino acids, was used with primer com35746.P1 to amplify the gxyA with the promoter of the gxySBA operon using pJZ36 as the template. The PCR fragment was cloned into pBBR1MCS-4 to make the RGS-6ϫHis-tagged gxyA complementation plasmid, pTZ37 (Table 1) .
We used overlap-extension PCR to create a mutation (K47A) in the GxyA Walker A ATP binding site. Primers com35746.P1 and 3574K47A.P111 were used to amplify the promoter and the first 47 codons of gxyA. Primers Com3574RGSHIS.P22 and 3574K47A.P222 were used to amplify the remainder of gxyA. These two PCR products were mixed and used as the template for the third PCR with primers com35746.P1 and Com3574RGSHIS.P22. The third PCR product was digested by XhoI and XbaI and cloned into pBBR1MCS-4 to create pJZ38 (Table 1) .
Growth assays. The growth assays were carried out as described previously (12), except 3 mM concentrations of sugars were used here. Briefly, overnight cultures of A. tumefaciens in LB medium were centrifuged, and the pellet was resuspended to an optical density at 600 nm (OD 600 ) of 0.1 in AB minimal medium with 10 mM glycerol. After approximately 20 h of growth, the cultures were pelleted, washed with AB medium (without any carbon source), and inoculated into AB medium with 3 mM various carbon sources at an OD 600 of 0.06 and incubated at 30°C. Bacterial growth was measured at 600 nm with a spectrophotometer (Beckman DU 520).
Immunoblot analysis for the expression of GxyS and GxyA. Immunoblot analysis was performed as previously described (12) . In brief, cultures grown in AB or ABI medium were spun down and resuspended in SDS-loading buffer (20) with an OD 600 of 5. Samples were boiled for 5 min, and 5 l was subjected to SDS-PAGE and subsequently transferred to polyvinylidene difluoride (PVDF) membrane (Millipore). For immunoblot analysis, RGS-His mouse monoclonal antibody (Qiagen) was used to detect RGS-6ϫHis-tagged GxyA and GxyS. The immunoblots were developed with an ECL Plus enhanced chemiluminescence kit (Amersham) per the manufacturer instructions.
␤-Galactosidase assay. ␤-Galactosidase assays were performed as described previously (7) . Briefly, strains carrying a P virB ::lacZ reporter construct on plasmid pSW209⍀ (21) were first grown in LB medium plus appropriate antibiotics overnight at 25°C and inoculated into ABI medium containing 0.25% glycerol plus the indicated concentrations of various sugars and 10 M AS. After a 24-h induction, strains were assayed for ␤-galactosidase by the method of Miller (14) . The sensitivity of strains to different sugars was examined via dose-response curves with the 50% effective concentration (EC 50 ) defined as the sugar concentration yielding 50% of the maximal activity in the ␤-galactosidase assay (7).
Tobacco tumor assay. Tumor formation on Nicotiana tabacum cv. H425 leaf explants was performed as described previously (7) .
RESULTS
Sequence analysis identifies a second potential glucose ABC transporter. Since glucose, xylose, and some other sugars were previously shown to serve as carbon sources in a chvE-mmsAB deletion strain (12), we hypothesized that there must be another transport system(s) for these substrates. A glucose binding protein (GBP2) which, in addition to glucose, also binds D-xylose with high affinity was previously identified in Agrobacterium radiobacter (13) suggesting it as a candidate protein involved in glucose and xylose transport. Based on the N-terminal amino acid sequence of GBP2, a homologue (protein product of gene locus Atu3576) on the linear chromosome of A. tumefaciens strain C58 was identified by using BLAST (http://blast.ncbi.nlm.nih.gov/). The products encoded by the downstream gene loci Atu3574 and Atu3575 are predicted to be an ATP-binding protein and a transmembrane protein, respectively (Fig. 1) . Together, the three proteins are predicted to constitute a binding-protein-dependent ABC transporter. As shown below, this operon is indeed involved in glucose and xylose utilization and therefore gene loci Atu3576, Atu3575, and Atu3574 were renamed gxyS, gxyB, and gxyA, respectively, for glucose/xylose transport. Directly upstream of gxySBA is a divergently transcribed gene locus Atu3577 (renamed gxyR) predicted to encode an ROK (repressor, open reading frame, and kinase) family transcriptional regulator (22) Table S2 in the supplemental material.
helix-turn-helix (HTH) DNA binding domain in the N-terminal domain (http://pfam.sanger.ac.uk/). Analysis using SignalP (http://www.cbs.dtu.dk/services/Signal P/) (23) predicted that GxyS has a secretion signal (the N-terminal 23 amino acids) and that it should localize to the periplasm. Although GxyS shares low identity (32%) with ChvE, the key amino acids in the sugar-binding site (R17/D91/R92/D143/N145/D242/ K262) of ChvE (7) are conserved in GxyS, except S15, which is E in GxyS (see Fig. S1 in the supplemental material). Further analysis using IMG (http://img.jgi.doe.gov/) indicates that the operon gxySBA, together with gxyR, is highly conserved and exists widely in Agrobacterium radiobacter K84, Sinorhizobium meliloti 1021, Rhizobium leguminosarum bv. trifolii WSM1325 and even Rhodobacter sphaeroides 2.4.1. (Fig. 1) .
GxySBA is involved in utilization of diverse sugars. The function of gxySBA was tested by examining the growth of strains carrying a deletion of the entire operon in the presence of various carbon sources. The gxySBA deletion strain AB650 grew normally in minimal medium with glycerol as the sole carbon source ( Fig.  2A) but exhibited a growth defect in minimal medium with glucose and xylose ( Fig. 2A) . This is consistent with the glucose and xylose binding activity of GBP2 in A. radiobacter (13) . In light of the chvE-mmsAB operon's involvement in glucose and xylose utilization (12), we proposed that a double deletion strain (⌬mmsB At intervals, the optical density at 600 nm of the cultures was checked. The data are the means of three samples, and the error bars indicate standard deviations. The strains used are wild-type strain A348, mmsB deletion strain AB520, gxySBA deletion strain AB650, and mmsB gxySBA double deletion strain AB662.
⌬gxySBA) would have a more severe glucose/xylose-dependent growth defect. Strain AB662 carrying both deletions grew normally in minimal medium with glycerol as the sole carbon source ( Fig. 2A) . However, as predicted, growth of AB662 was much slower in glucose and xylose, compared with the single mutants AB520 (⌬mmsB) or AB650 (⌬gxySBA), indicating both transporters contribute to the utilization of glucose and xylose ( Fig. 2A) .
We also measured the growth of the mutants in minimal medium with arabinose, fucose, galactose, glucosamine, galacturonic acid, or glucuronic acid as the sole carbon source. All the strains demonstrated wild-type growth in galacturonic acid and glucuronic acid ( Fig. 2A) , which suggests neither ChvE-MmsAB nor GxySBA is involved in sugar-acid transport. The deletion of gxySBA alone (strain AB650) had no discernible effect on growth in the presence of arabinose or fucose, but the mmsB gxySBA double deletion strain AB662 grew significantly slower than was observed in the mmsB deletion strain AB520, suggesting that arabinose and fucose are substrates for both transporters (Fig. 2A) . In galactose-containing medium, strains AB662 and AB520 grew similarly, suggesting that GxySBA is not involved in galactose transport ( Fig. 2A) . Interestingly, in glucosamine-containing medium, the gxySBA deletion strain AB650 has a severe growth defect, indicating that GxySBA may be the principal glucosamine transporter (Fig. 2A) .
To show that the growth defect observed in AB662 was due to the gxySBA deletion, we performed a complementation assay. In minimal medium with glucose as the sole carbon source, a plasmid harboring the gxySBA operon, including the native promoter restored the growth of the mmsB gxySBA double deletion strain AB662 to the level seen in the mmsB deletion strain AB520 (Fig.  2B) .
Collectively, these data demonstrate that the gxySBA and chvEmmsAB operons are both important in the utilization of glucose and xylose and can also contribute to arabinose and fucose utilization. GxySBA, though, appears to be the predominant facilitator of glucosamine utilization, while ChvE-MmsAB has the predominant role in galactose utilization.
The amino acid K47 is essential for the function of GxyA. Based on its amino acid sequence, GxyA is predicted to be an ATP binding protein (http://pfam.sanger.ac.uk/), with a typical Walker A motif GXXGXGKST (G 41 HNGAGKST 49 ). The highly conserved residue K47 is vital for binding ATP/ADP in other homologs (24) and is expected to be necessary for function of GxyA. To verify this prediction, site-directed mutagenesis was performed to change K47 to A (lysine to alanine) in this protein.
Plasmids carrying gxyA, gxyA·RGS-6ϫHis, or gxyA K47A ·RGS-6ϫHis (see Materials and Methods) were electroporated into the mmsB gxyA double deletion strain AB686 and tested for growth in medium with glucose as the sole carbon source. The plasmid carrying the gxyA K47A ·RGS-6ϫHis mutation could not restore growth of AB686, while native gxyA and gxyA·RGS-6ϫHis substantially restored the wild-type phenotype, with the added RGS6ϫHis tag having a slightly positive effect on GxyA's function based on the growth assay (Fig. 3A ). An immunoblot assay showed that RGS-6ϫHis-tagged gxyA and gxyA K47A had similar expression levels (Fig. 3B) . Thus, K47 is required for the function of GxyA and this supports the hypothesis that GxyA is an ATP binding protein.
Expression of the gxySBA operon is induced by a subset of utilized sugars and regulated by the repressor GxyR. Expression of an ABC transporter operon is often induced by substrates of the system (25) . Expression of the gxySBA transporter in response to different sugars was examined by monitoring GxyS. For these experiments, a sequence encoding an RGS-6ϫHis tag was fused to the 3= terminus of gxyS, resulting in a C-terminal tag on GxyS, and the resultant construct was used to replace the wild-type gxyS sequences at its native location on the chromosome of A348, resulting in strain AB655. Growth assays in glycerol, xylose, glucose, and glucosamine showed that this strain exhibited wild-type growth, and thus the RGS-6ϫHis tagged version of GxyS is fully functional (see Fig. S2 in the supplemental material). Consistent with growth data described above, GxyS was found to be induced by its substrates glucose, xylose, and glucosamine (strain AB655) (Fig. 4) . Interestingly, GxyS accumulation was also moderately induced by glucuronic acid (Fig. 4) and much less so, but detectably after long exposure, by arabinose (Fig. 4) (data not shown) . These results are consistent with those of Mauchline et al. (25) 
FIG 4
Expression of GxyS in strains grown at 30°C in minimal medium with 3 mM glycerol, arabinose, fucose, galactose, glucose, xylose, galacturonic acid (gal. acid), glucuronic acid (glu. acid), or glucosamine as the sole carbon source. "WT" represents AB655, which is similar to wild-type strain A348, except gxyS is tagged with RGS-6ϫHis. "⌬gxyR" represents AB656, which has a gxyR deletion and is derived from AB655.
showing that transcription of SMb20902 (homologous to gxyS) in Sinorhizobium meliloti 1021 was induced by glucose.
Directly upstream of gxySBA is the divergently transcribed gene locus Atu3577, the protein product of which is homologous to the ROK family transcriptional regulators, including the signature HTH DNA binding domain in its N terminus (22) . Based on this predicted function and its proximity to the gxySBA operon, we hypothesized that this gene locus encodes the regulator for gxySBA, and therefore we named it gxyR. A gxyR deletion strain (AB656) was derived from the wild-type strain, A348, carrying RGS-6ϫHis-tagged gxyS (AB655) to study the role of GxyR in gxySBA operon expression. In the wild-type strain, only glucose, xylose, and glucosamine strongly induced expression of GxyS, with weak induction by glucuronic acid and no induction by the other sugars (Fig. 4) . Deletion of gxyR resulted in expression of GxyS in the presence of all of the tested carbon sources (Fig. 4) . Overall, these data suggest that GxyR is a repressor of gxySBA expression, and at least some of the sugar substrates induce expression by relieving GxyR's repressive function.
gxyR deletion leads to faster growth in GxySBA's substrate sugars. Experiments in Fig. 2 showed that in comparison to the mmsB deletion strain the mmsB gxySBA deletion strain exhibits virtually no growth in fucose and very slow growth in arabinose, indicating both of these substrates can be transported by GxySBA. However, these two sugars had only very little (if any) capacity to induce expression of GxySBA. If the GxySBA proteins are in fact important for arabinose and fucose utilization, we would predict that the deletion of gxyR would result in strains that could better utilize these substrates. The mmsB deletion strain AB685 and mmsB gxyR double deletion strain AB325, both of which carry an RGS-6ϫHis-tagged gxyS gene, were used to test this hypothesis. As predicted, the mmsB gxyR deletion strain shortened the lag phase in all sugars tested, except glycerol (Fig. 5) , which is likely due to the fact that the transporter is already expressed upon transfer into the growth medium (see Fig. S3 in the supplemental material). Interestingly, this constitutive expression of the gxySBA operon resulted in a higher growth rate in fucose but not the other sugars tested (Fig. 5) .
gxySBA and vir gene expression. Our previous work showed that the deletion of the ABC transporter mmsAB leads to strains that are substantially more sensitive to certain sugar substrates (arabinose and galactose) in terms of vir gene expression as measured using a P virB ::lacZ reporter construct (7) . However, the mmsB deletion resulted in only a modest increase in sensitivity to glucose as the vir-inducing sugar (Fig. 6 ): for the mmsB deletion strain AB520, the EC 50 for glucose is 0.4 mM, contrasting with the 1.4 mM EC 50 of the wild-type strain. The gxySBA deletion strain AB650 -which exhibited a growth response similar to that of AB520 when cultured in glucose ( Fig. 2A) -had an EC 50 for glu-
FIG 5
Growth of the mmsB deletion strain AB685 and mmsB gxyR double deletion strain AB325 in minimal medium containing 3 mM various sugars as the sole carbon source. At intervals, the optical density at 600 nm of the cultures was checked. Data are the means of three samples with standard deviations.
FIG 6
Effects of mmsB gxySBA deletions on glucose dose response for vir induction. Wild-type strain A348, mmsB deletion strain AB520, gxySBA deletion strain AB650, and the mmsB gxySBA double deletion strain AB662 carrying plasmid pSW209⍀ were grown in AB induction medium containing 10 M AS and various concentrations of glucose. All samples were assayed in triplicate, and results are plotted as means with error bars indicating the standard deviation.
cose-mediated vir gene induction that was virtually identical to that of the wild type (Fig. 6) . Given the profound effect of the mmsB gxySBA double deletion on growth in glucose ( Fig. 2A) , we tested it in the vir gene expression assay and found vir gene expression in the mmsB gxySBA double deletion strain AB662 is much more sensitive to glucose, with an EC 50 of 0.01 mM (Fig. 6) . Similar results were observed when xylose was tested in these same strains, whereas all of the strains exhibited the wild-type sensitivity to glucuronic acid, which is not a substrate of either transporter (see Fig. S4 in the supplemental material). In all of these experiments, some activity of the vir promoter was observed in AB662 in the absence of the inducing sugar, possibly indicating that some inducing sugars are present-possibly produced by the bacteriaeven in the absence of an exogenously supplied source.
The presence of glycerol in ABI induction medium inhibits the expression of GxyS. Some of the results presented above ( Fig.  2A and 6 ) seemed contradictory. Single deletions of mmsB or gxySBA both resulted in strains exhibiting slower growth in medium containing glucose as a sole carbon source ( Fig. 2A) . This suggested both deletion mutants have a reduced capacity to transport glucose. When the same strains were tested for the effect of glucose on vir gene expression, the single deletion of mmsB showed a modest increase in sensitivity to glucose compared to wild type, whereas the gxySBA deletion responded like the wildtype strain (Fig. 6) . In earlier studies (7), we suggested that deletion of the mmsB transport protein might result in an increase in the sugar concentration in the periplasmic space, thereby increasing the sensitivity of the vir-inducing system to glucose. However, the deletion of gxySBA had the same effect as the deletion of mmsB on glucose utilization for growth-which would be predicted to result in a similar effect on periplasmic glucose concentration. One possible cause of this result could be that under vir-inducing conditions expression of gxySBA is suppressed, resulting in low levels of GxySBA. Given that different conditions were used for growth assays and the vir gene expression assays, we examined the GxyS expression in bacteria grown in the ABI medium used for the latter. Interestingly, significantly less GxyS was found in mmsB deletion strain AB685 tested in the ABI medium containing glycerol, which was used to supply the carbon source for growth, even in the presence of 10 mM glucose, which did induce gxySBA expression in the absence of glycerol (Fig. 7) . In contrast, the expression of the chvE-mmsAB operon is not suppressed by glycerol (Fig.  7) . Thus, a ⌬gxySBA strain cultured in glycerol plus inducing sugar has significant levels of the ChvE-MmsAB transporter, whereas a ⌬mmsB strain cultured under the same conditions would have very low, noninducible levels of the GxySBA transporter.
If transporter activity is in fact affecting the sugar concentration in the periplasmic space, we reasoned that the deletion of gxyR, which releases the repression of gxySBA expression even in the presence of glycerol (Fig. 4) , would lead to an even lower sensitivity to glucose in terms of vir gene expression. For this purpose, gxyR deletion strain AB689 and mmsB gxyR double deletion strain AB529 were constructed, and vir gene expression was examined. Compared to wild-type strain A348, the gxyR deletion strain AB689 is less sensitive to glucose, and the mmsB gxyR double deletion strain AB529 is less sensitive than mmsB deletion strain AB520 (Fig. 8) . Given that the gxyR deletion modestly decreased the sensitivity of the strain to the vir-inducing effects of glucose compared to the wild type, we tested these two strains in the standard tobacco leaf explant system. The results showed no consistent effect on virulence (see Table S3 in the supplemental material), suggesting that the available sugar concentrations at the wound site are sufficiently high to overcome the modest decrease in sensitivity.
DISCUSSION
In the soil, A. tumefaciens faces significant competition for nutrients of various abundance and, accordingly, has evolved to adapt to these conditions. Included among these adaptations are multiple high-binding-affinity ABC transporters that are used to transport nutrients into the cell (11) . ChvE-MmsAB is one such transporter and was shown to be important in the utilization of multiple monosaccharides (12) , and it has added relevance for Agrobacterium because the periplasmic sugar binding protein ChvE is also involved in the regulation of the virulence genes of this bacterium (3, 4, 6) . The relationship between these two activities was revealed in studies that showed an increase in sensitivity to the vir-inducing sugars when mmsB was deleted, suggesting the transporter activity in some manner keeps the concentration of sugar required for induction to be at a significantly higher level than would be expected based on the dissociation constant (K d ) of ChvE for those sugars (7) . Because strains lacking the chvEmmsAB transporter are still capable of growing in all sugars tested (12) and because an mmsB deletion showed only modest effects on the sugar sensitivity for induction of vir gene expression for certain sugars, including glucose and xylose, we proposed that additional transporters must exist. This led to the current character- 3 and 4) . A 3 mM (lanes 1 and 3) or 10 mM (lanes 2 and 4) concentration of glucose was included in the induction medium. Note for GxyS detection, in lanes 3 and 4 only 1/20 of the sample was loaded compared to lanes 1 and 2, while the same amount of sample was loaded for ChvE detection.
FIG 8
Effects of gxyR deletion on sugar dose response for vir induction. Wildtype strain A348, gxyR deletion strain AB689, mmsB deletion strain AB520, and mmsB gxyR deletion strain AB529 carrying plasmid pSW209⍀ were grown in ABI induction medium plus different concentrations of glucose. Note that 10 M AS was used. All samples were assayed in triplicate, and results are plotted as means Ϯ standard deviations.
ization of the gxySBA operon and its role in both sugar utilization and vir gene expression. It encodes a high-affinity transport system and, consistent with the results of Cornish et al. (13) , is important for utilization of glucose and xylose. The ChvE-MmsAB and GxySBA transporters have overlapping characteristics in terms of substrate specificity but differ considerably in the control of their expression. Interestingly, to our knowledge, GxySBA is the first characterized glucosamine ABC transporter in bacteria. Finally, as is the case with ChvE-MmsAB (7), GxySBA also plays a role in preventing vir gene induction at low glucose concentrations. The redundancy of multiple transporters for one substrate will benefit agrobacteria and enhance their survival in competition with other soil microbes in their natural habitat. The overlapping sugar specificities of the ChvE-MmsAB and GxySBA transporters are another means that can maximize competiveness for A. tumefaciens in the soil, and these specificities can be categorized into two groups. In the first group, fucose, glucose, and glucosamine utilization is dependent on both transporters since elimination of the two systems eliminates the capacity for such strains to grow on these carbon sources ( Fig. 2A) . The second group of sugars, comprised of arabinose, xylose, and galactose, are apparently transported by at least one of these two transporter systems. However, given that even the double deletion strains grow under these conditions ( Fig. 2A) , there must be additional transport systems for this second group of sugars, such as major facilitator superfamily (MFS) permeases (26) or other ABC transporters.
The high-affinity sugar binding proteins, such as ChvE and GxyS, play a key role in defining substrate specificity for the ABC transporters (27) . In the sugar-bound ChvE structure, the sugar is stabilized by eight residues in the sugar binding pocket via hydrogen bonds as well as hydrophobic interactions with two tryptophan residues (7). Although GxyS shares low similarity with ChvE (identity, 30%), the two tryptophan residues (W18 and W183 in ChvE) and other residues in the ChvE sugar binding pocket are conserved, except one (S15 in ChvE) in the GxyS sequence (see Fig. S1 in the supplemental material). Residue 15 may be the site that critically differentiates the substrate binding specificity, but resolution of this will require structural analysis. Besides the function in binding sugars, ChvE also separately interacts with the periplasmic domain of the membrane sensor protein VirA and ABC transporter membrane component MmsB. Previous genetic and structural studies of ChvE identified a surface involved in interaction with VirA (4, 7). Sequence alignment indicates that among the 11 residues in the ChvE-VirA interaction surface, only 2 residues (E53 and T180) are conserved in GxyS (see Fig. S1 ). Five of these ChvE residues are also likely to be involved in interaction with the membrane component of the transport system, as evidenced by their slow-growth phenotype when tested in defined medium with glucose as a carbon source (4), and of these, only one residue (E53 in ChvE) is conserved in GxyS. This suggests that although ChvE and GxyS have similar sugar binding profiles, the interaction with their transport partner is, as expected, specific.
An interesting finding related to sugar specificity is that GxySBA is quite important in the utilization of glucosamine and that ChvE-MmsAB is involved to a limited extent (Fig. 2A) . Glucosamine is an abundant amino sugar in soil organic matter, with concentrations ranging from 717 to 2533 mg kg Ϫ1 soil in soil hydrolysates (28) , although free levels have not been reported. Although a glucosamine degradation pathway has been characterized in A. radiobacter (29) and the gene encoding glucosaminitol dehydrogenase in this pathway was identified (30) , until now no glucosamine transporters have been reported in agrobacteria or even in alphaproteobacteria. In E. coli, Bacillus subtilis, and Corynebacterium glutamicum, glucosamine transport is via the phosphoenolpyruvate-dependent carbohydrate phosphotransferase system (PTS) (31) (32) (33) , while in humans, glucosamine uptake is through glucose transporters GLU1, -2, and -4 (34). Thus, these are the first characterized ABC transporters involved in the utilization of glucosamine.
Besides the substrate preferences of ChvE-MmsAB and GxySBA transporters, they also exhibit clear differences in their expression patterns. The chvE-mmsAB operon has a significant level of constitutive expression (12) , whereas the gxySBA operon is stringently regulated (Fig. 4) . The chvE-mmsAB operon is regulated by repressor GbpR, a LysR family regulator (35) , while gxySBA is regulated by GxyR (Fig. 4) , an ROK family regulator (22) . Expression of these operons is induced by different carbon sources, with chvE-mmsAB induced by arabinose, fucose, and galactose (12, 35) and gxySBA induced by glucose, xylose, and glucosamine (Fig. 4) . Taken together with the growth data, these results suggest that the ChvE-MmsAB system is an important transporter for arabinose, fucose, and galactose, while GxySBA is critical for glucosamine transport. Given that both transporters contribute similarly to glucose and xylose utilization ( Fig. 2A) , the fact that these compounds are inducers only of GxySBA expression suggests this transporter may be preferred for these substrates.
A surprising result was that in the presence of glycerol, the induction of GxyS accumulation by glucose was repressed. Catabolite repression is a possibility, but this generally is the repression of utilization of a less efficient carbon source (e.g., glycerol) by a more efficient one (glucose)-exactly the opposite of the case here (36) . Glycerol-mediated repression of glucose metabolism has been observed in Haloferax volcanii (37) through an as yet uncharacterized mechanism. One possibility accounting for the results here is that glucose uptake is somehow repressed by glycerol. However, earlier work (12) as well as work in this article ( Fig.  2A) indicates that glucose can be transported not only by GxySBA but also by the ChvE-MmsAB transporter. ChvE-MmsAB is still expressed, although at its basal noninduced level, in the presence of high concentrations of glycerol and can transport glucose, which should be capable of binding to GxyR and thereby relieve repression even in the presence of glycerol. The basis for this apparent contradictory finding is not known. One possibility is that the actual molecule capable of binding the repressor GxyR and causing its release from the promoter is not yet known. For example, the inducer may be metabolic intermediates derived from the transported sugar. Precedent for this is seen in A. tumefaciens in the regulation of the attKLM operon via the activity of the metabolic intermediates of the acylhomoserine lactone autoinducer (38) . Thus, it is possible that the inducers for GxyR are metabolic intermediates of glucose, xylose, or glucosamine, and the presence of glycerol may result in a metabolic state that does not allow formation of such an inducer. Further studies will be needed to unravel the role glycerol plays in suppressing GxySBA production in response to glucose.
In our previous study, we showed that deletion of mmsB leads to dramatically increased sensitivity of the strain to the vir-inducing sugars, which are substrates of ChvE-MmsAB transporter, while no such change was observed for sugars which are not such substrates (7) . A model was proposed suggesting that transport activity of ChvE-MmsAB maintains a relatively low concentration of the sugar in the periplasmic space and high external concentrations of the sugar may be required to achieve periplasmic concentrations that are vir inducing. In this study, we investigated the sensitivity of various strains to glucose, which is transported by ChvE-MmsAB and GxySBA but not by other transporters. The deletion of gxySBA alone had little effect on vir gene expression, while the mmsB deletion resulted in a modest increase in sensitivity to glucose. We propose that the difference between these two results is that under the conditions of the vir gene induction assay, glycerol suppresses accumulation of GxySBA but not ChvEMmsAB. Thus, in the mmsB deletion mutant there would be less transport capacity than would be seen in the gxySBA deletion mutant tested under the same conditions. In agreement with this model, (i) the double deletion mutant showed a dramatic increase in glucose sensitivity and (ii) deletion of the gxyR gene, which results in overexpression of GxySBA under inducing conditions, resulted in decreased sensitivity to the inducing sugar. Assuming that GxySBA is unlikely to interact with VirA, these data are consistent with the hypothesis that the transport systems are maintaining a periplasmic concentration of the sugars below the level required for vir induction, unless high external concentrations of that sugar are available. While other mechanisms could be in play, this regulatory interaction between transport activity and vir induction could be a selective advantage for the bacteria given that vir induction at high concentrations of sugar might be indicative of the host rather than the soil environment. While deletion of gxyR resulted in strains with modestly decreased sensitivity to glucose in vir induction assays, this did not affect their virulence in the tobacco leaf explant assay system (see Table S3 in the supplemental material), consistent with the proposal that the leaves have very high levels of inducing sugars.
In summary, the data presented here demonstrate that GxySBA is an ABC transporter that has multiple monosaccharides as substrates and is the crucial means of glucosamine uptake by Agrobacterium, and its expression is controlled by both the GxyR repressor and, surprisingly, by glycerol. Finally, we have demonstrated that this transporter can affect the sensitivity of the bacterium to the vir-inducing sugars, most likely by affecting the concentration of those sugars in the periplasm. This serves to ensure that vir induction only occurs in environments, such as the plant wound site, that contain high levels of inducing sugars.
